Abstract-We introduce a new method for designing low-profile reflectarray antennas with broadband, true-time-delay (TTD) responses. Such structures are composed of numerous reflective spatial time-delay units distributed over a planar surface. Each spatial time-delay unit is a unit cell of a ground-plane-backed miniaturized-element frequency selective surface (MEFSS) composed of nonresonant elements. Each element is a lowpass type MEFSS composed of a stack of nonresonant patches separated from one another by thin dielectric substrates, and the whole structure is backed with a ground plane. A prototype of the proposed MEFSS-based TTD reflectarray with the focal length to aperture diameter ratio of 0.87 operating at the center frequency of 10 GHz is designed, fabricated, and experimentally characterized both in time and frequency domains. It is demonstrated that the fabricated TTD reflectarray operates over a bandwidth of 40% without any significant chromatic aberrations. The proposed antenna provides a realized gain of 23 dB when fed with an X-band horn antenna and shows a gain variation of about 4 dB in the 8-12 GHz range. The antenna also shows consistent radiation characteristics and relatively low side-lobe levels across its entire band of operation.
I. INTRODUCTION
C ONVENTIONAL parabolic antennas were among the first reflective type aperture antennas investigated for high-gain antenna applications. Using their 3-D geometrical parameters, these antennas are designed to work in a true-time-delay fashion over a broad range of frequencies (provided that a suitable feed is used). Although they are widely used in many systems due to their wideband characteristics, ease of design, and relatively low cost, they are generally bulky because of their inherent 3-D structures. Over the past few decades, significant developments have been made in the area of flat phased arrays employed in high-gain antenna applications. These structures are generally implemented using active or passive antenna array architectures. The tradeoffs existing between the cost, power-handling capability, and thermal management of the transmit/receive (T/R) modules used in active electronically steerable antenna arrays have hindered their widespread deployments in many commercial systems. On the other hand, large-aperture passive electronically steerable arrays suffer from excessive losses in their feed networks and the cost and power-handling capability of their phase shifters [1] , [2] . With the recent progress in the areas of periodic structures and metamaterials, numerous innovative designs of reflectarray antenna systems have been reported as potential replacements of parabolic antennas. Reflectarrays have also found applications in flat phased arrays that are used for many high-gain antenna applications such as satellite communications [3] - [7] . There has been a growing interest in reflectarray antennas for a number of reasons. First, they offer the advantages that conventional parabolic reflectors offer but they are planar and potentially conformal structures. Additionally, spatial feeding in reflectarrays eliminates the feed network losses that are a common problem in large-aperture passive phased-array systems [8] . Finally, using multiple feeds to illuminate the reflectarray offers a low-cost and simple means of designing multibeam or beam-switchable, high-gain antenna apertures. Moreover, new techniques are being developed to tune the phase shift gradient of the elements in a reflectarray aperture that can result in beam-steerable reflectarrays [9] , [10] .
Reflectarray antennas are generally composed of locally periodic structures with unit cells that act as spatial phase shifters (SPSs) or spatial time-delay units (TDUs). These unit cells are commonly implemented from resonant building blocks. Numerous types of elements for designing reflectarrays have been reported in the past [3] , [11] - [16] . These structures are generally made of single-resonant elements. More recently, various attempts have been made to increase the bandwidth of reflectarrays by using multiple layers of elements [17] - [19] , using multiresonant elements fabricated on a single substrate [20] - [22] , or using apertures with facetted shapes [23] , [24] . However, such reflectarrays are not true-time-delay structures and tend to be highly dispersive when illuminated with broadband pulses. Moreover, in situations where reflectarrays are fed with multiple feed antennas to achieve a multibeam aperture, the sensitivity of the responses of their elements to the angle of incidence of the electromagnetic waves can seriously deteriorate the response of the structure. In [25] , a TDU-based reflectarray is presented. Each element in the reported structure is based on a patch antenna aperture-coupled to a delay line. Although an improvement in the bandwidth is demonstrated by using time-delay elements instead of spatial-phase-shifters, a limitation in bandwidth is still imposed because of using radiating elements (i.e., resonant patches) as constituting spatial time-delay units of this device. In addition, the performance of the reported reflectarray is expected to degrade when illuminated with an obliquely incident wave due to large element separations. Recently, nonresonant subwavelength elements have also been used in printed reflectarrays to address the shortcomings of the conventional structures using resonant elements [26] , [27] and achieve broadband responses. Although these reported reflectarrays demonstrate wideband performances, they are non-TTD reflectarrays. Therefore, such structures are not suitable for broadband pulsed applications.
Over the past few years, a new class of frequency selective surfaces with subwavelength unit cell dimensions-referred to as miniaturized-element frequency selective surfaces (MEFSSs)-has been studied by various research groups. Unlike traditional FSSs that are composed of periodic arrangement of resonant elements, MEFSSs are periodic structures having highly miniaturized, nonresonant unit cells. Recently, these structures have been used in designing wideband planar microwave lenses [28] - [30] . In [29] and [30] , each pixel of the lens is a unit cell of appropriately designed MEFSS that acts as a time-delay unit. Lately, a reflectarray antenna that uses the unit cells of a single layer MEFSS as its spatial phase shifters was reported in [31] . It was demonstrated that using this MEFSS, a low-profile reflectarray with a relatively wideband response could be designed. However, this reflectarray suffers from chromatic aberration as it uses MEFSS unit cells as its spatial phase shifters and not time-delay units. Also, the phase wrapping technique used in the design of this structure causes distortion in the response of the antenna when the structure is excited with broadband pulses. Therefore, such a reflectarray is not suitable for broadband pulsed applications. In applications where signals with instantaneously broad bandwidths are used, reflectarray antennas free of chromatic aberration must be employed.
In this paper, we propose a new technique for designing low-profile, ultra-wideband, and true-time-delay reflectarray antennas. The proposed antenna is composed of numerous spatial time-delay units distributed over a planar surface that provide a desired time delay over a wide frequency range. Each spatial TDU is a unit cell of an appropriately designed, ground-plane-backed miniaturized-element frequency selective surface. The MEFSS is composed of stacked nonresonant patches separated from one another by thin dielectric substrates. Each TDU is designed to provide a frequency-independent time delay within the frequency band of interest. A prototype of the TTD reflectarray with focal length to aperture diameter ratio of 0.87 fed with an X-band horn located at its optical axis is designed to operate at the center frequency of 10 GHz. The overall thickness of the proposed structure is , where is the free space wavelength at the center frequency of operation), and the lateral dimensions of the aperture are 253.5 mm 253.5 mm (or equivalently ). A prototype of the proposed structure is also fabricated and experimentally characterized in the laboratory. It is demonstrated that the structure provides a gain of 23 dB with a variation of less than 4 dB over a relative gain-bandwidth of 40%. Measurement of the fidelity factor of this device demonstrates that it can operate relatively free of chromatic aberrations over this entire 8-12 GHz frequency range. Fig. 1(a) shows the topology of the proposed center-fed TTD reflectarray antenna. The structure is composed of a reflectarray fed with a horn antenna. The reflectarray has aperture diameter of and the distance between the feed horn and the aperture of the reflectarray is . The reflectarray is illuminated by the feed horn and it is designed to correct and transform the incoming wave front from the feed horn to a planar wave front with a pencil beam in a desired direction. Since the feed horn does not have a uniform phase pattern at the location of the reflectarray's aperture, the phase response of the feed is also taken into account in designing the reflectarray.
II. REFLECTARRAY ELEMENTS
The aperture of the reflectarray is formed from numerous subwavelength spatial TDUs. These TDUs provide the desired time delay over the entire aperture within the frequency range of interest. This desired time delay over the aperture is determined from the focal distance, , the aperture diameter, , and the field and phase patterns of the feed antenna. In this work, each TDU is the unit cell of a ground-plane backed MEFSS with a lowpass frequency response. Each TDU is composed of multiple subwavelength capacitive patches, a ground plane, and a number of thin dielectric substrates. The ground plane is located on the bottom surface of the unit cell and the other metallic layers (subwavelength capacitive patches) are placed above it. All the metal layers are separated from one another by thin dielectric substrates. The detailed topology and the equivalent circuit model of this unit cell are shown in Fig. 1(b) , where the capacitive patches are modeled with parallel capacitors and the thin dielectric substrates are modeled with transmission lines with small electrical lengths. The ground plane is modeled as a short load at one side. Mapping between the element values of the equivalent circuit model shown in Fig. 1 (b) and the physical parameters of the unit cell (patch and unit cell dimensions, etc.) can be done using the procedure described in [32] and will not be repeated here for brevity. Due to the subwavelength nature of the MEFSS unit cells, the dimensions of adjacent unit cells are not drastically different. Therefore, each unit cell can be analyzed as if it is in a periodic structure. This periodic structure can be characterized by its frequency response when it is illuminated with an incident plane wave from the side starting with a patch layer. The magnitude of the reflected wave for the unit cell shown in Fig. 1(b) is unity, assuming that all the materials are lossless. As far as the phase response is concerned, the wave experiences a phase shift behavior similar to the phase shift incurred by propagating through a lowpass type MEFSS with layers of patches (i.e., the phase response of a th-order lowpass MEFSS). The presence of the metal ground adds a constant phase shift as well. In the proposed TTD reflectarray, a relatively constant group delay over large bandwidths can be achieved. To achieve a constant group delay, the phase of the reflected wave needs to exhibit a linear response versus frequency, as the slope of its response determines the group delay of the filter. Therefore, the proposed elements with linear phase responses are used to synthesize the TDUs of the proposed reflectarray.
To design the proposed reflectarray, different time-delay values are required for different elements over the reflectarray aperture. There are a number of parameters that influence the time-delay value provided by a TDU. These include the number of the capacitive patch layers, the lateral dimensions of the elements, the size of the capacitive patches, and the thicknesses and the dielectric constants of the separating substrates. The dielectric substrates and the unit cell size are largely determined from practical design considerations (e.g., the accessibility of substrates with given dielectric constants and thicknesses, the tolerances of the printed circuit board lithography technique used, and the minimum feature that can be fabricated reliably). Assuming these two parameters are fixed, the group delay can be controlled by the number of patch layers and their respective dimensions. The number of patch layers determines the maximum delay variation that can be achieved using a given MEFSS design. As the number of the patch layers increases, the maximum delay variation within the frequency range of interest increases. Therefore, the number of the patch layers is determined from the difference between the maximum and minimum time delays required to achieve broadband beam collimation over the entire desired frequency band of operation. Once the number of the patch layers is determined, they need to be tuned to obtain different group delays for each TDU over the reflectarray aperture. Moreover, for a given range of group delay values, increasing the number of patch layers can be used as a means of increasing the bandwidth of the reflectarray.
III. DESIGN PROCEDURE
The design procedure of the proposed reflectarray consists of a few different steps. The first step is to choose the aperture diameter, , and the separation between the feed antenna and the aperture of the reflectarray, . These parameters are largely determined from the practical design consideration such as the 3-dB beamwidth, available volume, and the maximum tolerable thickness of the reflectarray. Another important factor in choosing such parameters is the trade-off between the spillover loss and aperture efficiency. To increase the efficiency of the antenna, spillover loss should be minimized. Spillover loss, however, is a function of the radiation pattern of the antenna and the ratio of the reflectarray. For a given feed antenna, spillover loss can be reduced by reducing the ratio while ensuring the tapering over the aperture caused by this does not significantly decrease the aperture efficiency of the antenna. For these TTD reflectarrays, the maximum bandwidth of the entire antenna is primarily limited by the bandwidth of the feed.
The reflectarray aperture is then divided into concentric zones, 1 where is an integer. The elements of each zone are assumed to be identical. The number of different zones, , is a design parameter that can be chosen by the designer. As increases, the accuracy of time-delay correction over the aperture of the reflectarray increases. The upper bound of can be determined from the aperture diameter, , and the unit cell size of the MEFSSs that are used to synthesize the TDUs of different zones of the proposed TTD reflectarray.
Once these physical parameters are determined, the time-delay profile required from the TDUs occupying each zone should be determined. The time-delay profile can be determined from the phase-delay profile as each element offers a linear phase response. To obtain the phase-delay profile, the level of illumination at each element by the feed horn is determined using full-wave simulations. Since the reflectarray is composed of TDUs, this calculation only needs to be performed at one single frequency (e.g., the center frequency of operation in this case) [29] . The final step is to use the procedure described in Section II to design the TDUs that populate the aperture of the reflectarray based on the calculated time-delay profile.
IV. DESIGN EXAMPLE
The procedure presented in Section III was followed to design an MEFSS-based center-fed reflectarray antenna. The proposed antenna is designed to operate within the frequency range of 8-12 GHz. The reflectarray has an aperture diameter of 253.5 mm or equivalently , 2 where is the wavelength at the center frequency of operation. As described in Section III, the ratio is determined by the radiation pattern of the feed antenna considering the tradeoff between the spillover loss and the efficiency. For this design, a commercial X-band horn antenna (AT-39/AP) is used as the feed antenna. The directivity of the feed antenna is 17.5 dB at 10 GHz. The half power beam widths of the horn in the E-and H-planes are approximately 24 and 21 , respectively. In the design process, a 15 dB illumination tapering is considered over the aperture for the compromise between the spillover and aperture efficiency. In other words, the illumination energy is 15 dB down at the edges of the reflectarray compared to its center. Considering this allowed tapering and the radiation pattern of the horn antenna, the ratio is calculated to be approximately 0.87, which leads to a focal distance of approximately 22 cm. The aperture of the reflectarray is divided into 20 concentric zones. The time delays required from the TDUs populating the aperture of reflectarray are calculated and shown in Fig. 2 . The maximum time-delay variation across the aperture is 101.6 ps for this combination of and . The maximum time delay required is for the center element and it gradually decreases as we move toward the outer zones. The minimum time delay required is for the outermost zone and it is synthesized with the proposed MEFSS when all patches are etched. Following the design guidelines provided in Section III, an MEFSS structure composed of a stack of two layers of patches backed with a ground plane is found to be needed to compensate the required time-delay difference and achieve linear phase response within the frequency range of interest for all elements. The dielectric substrates used in this design are nonmagnetic and have a dielectric constant of (Rogers RO4003C). Since the proposed unit cell is composed of multiple dielectric substrates that need to be bonded together, the effect of the bonding material on the response of each element must also be taken into account. The bonding material used here is a Rogers 4450F prepreg layer with the dielectric constant of and the thickness of 0.1 mm. The topology of each TDU populating the aperture of the proposed reflectarray is shown in Fig. 3 . The detailed physical parameters of the TDUs occupying each zone of reflectarray are provided in Table I . Fig. 4 shows the simulated phase responses of the elements occupying different zones of the reflectarray. Specifically, this figure shows the comparison between the full-wave simulated phase response of the designed elements and the desired ideal case for each TDU occupying different zones. Within the frequency range of interest, slight discrepancies are observed between both cases for some elements. However, as will be shown in Section V-B, the effect of these discrepancies on the time-domain performance of the proposed reflectarray is minimal as they happen at the frequency band edges. Finally, we note that all elements of the reflectarray demonstrate losses of less than 0.2 dB, which is mainly attributed to the Ohmic and dielectric losses of the elements.
As can be seen in Table I , there are very small variations between different pixels of the reflectarray. Due to these small variations and also the small features of the proposed reflectarray, simulating the proposed structure using full-wave electromagnetic simulations requires an excessive amount of computational resources. For example, to simulate this structure using the finite difference time domain (FDTD) technique, the minimum cell size needs to be smaller than the minimum feature size in the structure. Considering the dimensions of the patches reported in Table I , the cell sizes need be as small as 20 m for the aperture with the dimensions of 253.5 mm 253.5 mm. Therefore, simulation of such MEFSS based reflectarray using full-wave electromagnetic (EM) simulations is extremely challenging. In [33] , a new approach is proposed to reduce the difficulty of the full-wave electromagnetic simulations of such structures with very small features but relatively large aperture sizes. In this method, the constituting elements of the aperture are treated as effective media. In [33] , it was shown that, at the system level, an MEFSS with a linear phase response can be modeled as an effective medium having the same effective permittivity and permeability values over the frequency range where its phase response is linear. The same concept can be used here to simulate the proposed reflectarray antenna. Using the effective medium approach, each TDU of the reflectarray can be treated as a slab of homogenous medium with the refractive index of and the thickness of which is backed with a ground plane. Here the thickness is chosen to be the same as that of the actual reflectarray. As the response of each element is relatively linear within the frequency range of interest, the effective permittivity and permeability are the same for each element . These effective constitutive parameters can be extracted through a resonant inverse scattering approach reported in [34] . Table II shows   TABLE II  REFRACTIVE INDEX PROFILE OF THE SIMPLIFIED MODEL OF THE  PROPOSED REFLECTARRAY COMPOSED OF THE EFFECTIVE  MEDIA WITH THE THICKNESS 
V. EXPERIMENTAL VERIFICATION AND MEASUREMENT RESULTS

A. Reflectarray Antenna Prototype
The reflectarray prototype examined in Section IV was fabricated and experimentally characterized. The feed antenna is a commercial X-band horn antenna located on the optical axis of the reflectarray at the distance of cm from the center of the reflectarray aperture. Standard lithography as well as substrate bonding techniques were used to fabricate the reflectarray. The fabricated prototype has three metal layers and three substrate layers. The metal layers include two patch layers and the ground plane. Rogers RO4003C dielectric substrates with the thickness of 1.524 mm were used for each substrate layer, and all the dielectric substrates were bonded together using a 0.1-mm-thick Rogers 4450F binding film with . The total thickness of the reflectarray prototype including the bonding layers is 4.8 mm, which is equivalent to at 10 GHz. Each time-delay unit, as shown in Fig. 5 , has the dimensions of 6.5 mm 6.5 mm (or equivalently ) in the proposed structure. Fig. 5 shows the photographs of the fabricated TTD reflectarray prototype. The total dimensions of the structure are 253.5 mm 253.5 mm (or equivalently ). , (e) 10 GHz, and (c), (f) 12 GHz. The measurements were carried out using a multiprobe spherical near-field system. The simulated results are obtained using full-wave EM simulations of simplified model of the reflectarray using the effective medium approach. All the patterns are normalized to the peak values of their corresponding co-polarized components.
B. Measurement Results
The measurements of the radiation characteristics of the proposed reflectarray antenna were carried out using a multiprobe spherical near-field system. For a feed horn located with the electric field oriented in the -direction, Fig. 6 shows the measured and simulated far-field co-and cross-polarized radiation patterns of the antenna in the E-plane ( -plane) and the H-plane ( -plane) in the frequency range of 8-12 GHz. The radiation patterns are normalized to the peak values of their corresponding co-polarized components. The simulation results were obtained using full-wave EM simulations in CST Microwave Studio with the simplified model of the reflectarray using effective media. In general, a good agreement is observed between the simulation and measurement results despite the approximations made in the modeling of the reflectarray using effective medium theory. Observe that the proposed antenna provides a focused beam with side-lobe level (SLL) better than 10 dB across the entire band. The side-lobe levels of the measured and simulated radiation patterns are generally above the side-lobe levels that are expected from an aperture illumination with a 15 dB tapering. The primary cause of this is the aperture blockage caused by the feed horn antenna. Specifically, the feed horn antenna has aperture dimensions of , which directly blocks the center part of the aperture of the reflectarray. Another drawback of this large aperture blockage is the reduction of the aperture efficiency of the reflectarray. These issues, however, can be resolved relatively easily by using an offset feed to illuminate the aperture of the reflectarray. The measured cross-polarized radiation of the antenna is at least 20 dB below that of the co-polarization for all cases over the entire band of interest. The gain and the directivity of the antenna were also measured using the same near field system over the frequency range of 8-12 GHz and the results are shown in Fig. 7 . The antenna gain is 23 dB at 10 GHz and does not vary more than 4 dB within 8-12 GHz frequency range. The variations observed in the gain of the reflectarray with frequency are primarily attributed to the increasing of the electrical dimensions of the aperture with frequency. This occurs because the TDUs occupying the aperture of the reflectarray collimate the incident beam over a very wide frequency band. Therefore, similar to other broadband aperture antennas, the gain of the structure increases with frequency. In this sense, the proposed reflectarray behaves differently from those that use narrow-band, resonant type constituting elements where the gain variations are primarily determined by the narrow-band nature of the beam collimation mechanism. Finally, we note that the difference between the directivity and realized gain is mainly attributed to ohmic and dielectric losses.
The reflectarray can serve as a multibeam aperture with a wide field of view when fed with multiple feed antennas. Fig. 8 shows the measured co-polarized gain patterns of the reflectarray antenna with four feeds placed on the focal arc illuminating the reflectarray aperture under oblique incident angles of 0 , 15 , 30 , and 45 in the -plane (H-plane). As can be seen, by selecting the appropriate feed antenna, the direction of the far-field pattern can be steered toward the desired direction. As expected, the main beam steers toward the angle when the reflectarray was illuminated under an incident angle of . The proposed antenna demonstrates a good scanning performance in a relatively wide field of view of without beam squinting. However, this capability comes at the expense of slight degradation of the side-lobe level.
As described in Section IV, the phase responses of the TDUs over the aperture are not quite linear over the entire band, especially at the band edges. To quantify the potential influence of this nonlinearity in introducing distortion in the antenna response, a series of time-domain measurements were carried out. The purpose of such measurements is to examine the true-time-delay performance of the proposed reflectarray antenna. In this set of measurements, the fidelity factor of the reflectarray was measured for time-domain signals with different fractional bandwidths. The fidelity factor quantifies the correlation between the incident and reflected pulses from the reflectarray aperture [35] , [36] . The setup for doing such measurements is shown in Fig. 9(a) . It consists of a large metallic screen with an opening having the same dimensions as those of the reflectarray. The screen was used to minimize the effect of diffractions. A transmitting X-band horn antenna was used to illuminate the reflectarray with plane waves as the reflectarray was located in the far field of the transmitting antenna. A receiving probe was also placed on the focal point of the reflectarray to sample the received electric field. Both transmitting and receiving antennas were connected to the two ports of the vector network analyzer (VNA) to measure the transmission coefficient. This measurement was performed with and without the presence of the reflectarray, and the latter measurement was used as the base line to calibrate the effect of the metallic screen out. Additionally, the range gating in the VNA was used to eliminate the direct transmission between the transmitting and receiving antennas. This technique allows us to only capture the waves reflected back from the reflectarray. Fig. 9 shows the measured fidelity factors for modulated Gaussian incident pulses centered at 10 GHz with different fractional bandwidths up to 6 GHz. As can be seen, a very high fidelity factor is achieved when the reflectarray is illuminated with such pulses with wide fractional bandwidths. Observe that the fidelity factor decreases as the fractional bandwidth increases which is due to the nonlinearity of the phase responses at the edges of the operating band of the reflectarray. However, a relatively high fidelity factor (more than 0.92) is achieved when the reflectarray is illuminated with signals with fractional bandwidths less than or equal to its operational bandwidth. This further confirms the TTD behavior of the proposed reflectarray antenna.
VI. CONCLUSIONS
In this paper, a broadband true-time-delay reflectarray antenna composed of a low-profile planar MEFSS-based reflectarray fed with a horn antenna was presented. The proposed reflectarray exploits the unit cells of appropriately designed MEFSSs as its spatial TDUs to operate in a true-time-delay fashion and to reduce chromatic aberrations within a wide frequency band. A prototype of such TTD MEFSS-based reflectarray was fabricated and experimentally characterized. The fabricated structure was designed to operate at the center frequency of 10 GHz. It was experimentally verified that the reflectarray antenna demonstrates relatively consistent radiation properties within the 8-12 GHz frequency range or equivalently 40% bandwidth. For the same aperture dimensions, reflectarrays of the type reported in this paper are expected to demonstrate larger bandwidths than those of the previously reported TTD reflectarrays. The TTD performance of the reflectarray was also verified by characterizing its fidelity factor as a measure of distortion that the structure introduces to wideband incident pulses. It was demonstrated that the reflectarray is indeed free of any significant chromatic aberrations over its entire operational band. Therefore, such reflectarrays are expected to be useful for applications where instantaneously broadband pulses are used.
